The objectives of this study were to examine the growth, DMI, and feeding behaviors of Angus and Hereford bulls; identify the relationships between feeding behaviors and variation in DMI and residual feed intake (RFI); and determine the value of feeding behaviors in predicting DMI. Individual DMI was measured in Angus bulls (n = 189; initial BW = 427 ± 3. , and feeding rate (FR, g/s) were also measured or calculated using behavior data collected by the GrowSafe system. Ultrasound measures of 12th-rib fat thickness (UFT), longissimus muscle area (ULMA), and intramuscular fat (IMF) were determined during the midtest-weight event of every trial. The data from 3 yr were pooled to generate mean differences between the breeds. Residual feed intake was calculated using a linear regression of DMI on ADG and midtest BW 0.75 (MMWT). Animals were classified into 3 RFI groups based on their RFI score as Low (>0.5 SD below the mean), Average (±0.5 SD from the mean), or High RFI (>0.5 SD above the mean). Angus bulls in the Low RFI group consumed 17% (P < 0.0001) less DM than the bulls in the High RFI group, while in the Hereford bulls there was a 14% (P < 0.0001) difference in DMI between Low and High RFI groups. Significant phenotypic correlations were observed between RFI and DMI (0.83, 0.77), G:F (-0.65, -0.51), HDD (0.41, 0.59), HDDM (0.40, 0.53), AMS (0.52, 0.36), and FR (-0.31, -0.51) in Angus and Hereford bulls, respectively. The HDD, HDDM, and FR were significantly correlated with DMI. The feeding behavior traits, HDD, HDDM, and FR when added to the RFI base model, explained 18, 17, and 13%, respectively, of the variation in DMI not explained by ADG and MMWT in Angus bulls. Similarly, in Hereford bulls, HDD, HDDM, and FR explained 35, 26, and 24%, respectively, of the variation in DMI not explained by ADG and MMWT. These data suggest that feeding behaviors are related to DMI of growing Angus and Hereford bulls.
INTRODUCTION
Feed represents the largest variable cost in beef production (Arthur et al., 2004) . Thus, by improving feed utilization, the profitability of beef production systems can be improved (Lancaster et al., 2009a) . The traditional measures of efficiency are a ratio of feed consumed to weight gain or the inverse, typically on pen level or lot level basis. This is effective for measuring feed efficiency in a feedlot, but research has shown that selecting breeding females on feed conversion ratio (FCR) merit results in an increased mature size and, consequently, an increased cost in maintaining females (Herd and Bishop, 2000) . Residual feed intake (RFI), proposed by Koch et al. (1963) is a measure of efficiency that is independent of growth traits (Bingham et al., 2009 ). Selection to reduce RFI offers to reduce feed intake without compromising growth performance, which should allow for increases to the profitability of beef production by maintaining outputs while decreasing inputs (Herd and Bishop, 2000) .
Residual feed intake has also be shown to be heritable (0.42 ± 0.13; Lancaster et al., 2009a) and strongly correlated with DMI (Arthur et al., 2001a) in Angus bulls, (Lancaster et al., 2009b) , Angus steers (Baker et al., 2006) , and Brangus heifers (Lancaster et al., 2009a) . The evidence for genetic variation in RFI measured in young cattle, and the estimates for heritability and genetic correlations with other traits raise expectations for favorable direct and correlated responses in the next generation, including a reduction in RFI and feed intake with little change in size or growth rate (Herd et al., 2003) . To explore the potential value of feeding behavior traits in improving modeled estimates of DMI, and thus providing a deeper understanding of the drivers of variation in RFI, the present study was conducted in bulls of 2 breeds: Angus and Hereford.
MATERIALS AND METHODS

Animals and Feeding
Three-hundred-and-thirty-five purebred bulls (189 Angus, 146 Hereford) were evaluated in a 3-yr feeding study conducted at Simplot Livestock Co. feedlot in Grand View, ID, from 2009 to 2011. These studies were conducted and reported with the approval of the owner. Upon arrival all animals were fitted with a passive half-duplex electronic identification (EID) ear tag (Allflex USA, Dallas-Fort Worth, TX) and housed in pens equipped with a feed intake monitoring system. In 2009 and 2010, there were 2 pens each of Angus and Hereford bulls; all pens contained 4 feeding units (GrowSafe 4000E, GrowSafe Systems, Airdrie, Alberta, Canada). In 2011, there were 3 pens of Angus bulls housed in pens with 4 feeding units and 1 pen of Hereford bulls housed in a pen with 8 feeding units. Pens equipped with 4 feeding units were 8.8 × 16.3 m and pens equipped with 8 feeding units were 40.9 × 30.6 m. Trials started after a 2-wk acclimation period. The study durations were 71 d in 2009, 78 d in 2010 and 74 d in 2011. The differing yearly study durations resulted from the breeder's availability to ship and receive bulls. Bulls were fed ad libitum a grower diet 4 times/d (Table 1) .
Ultrasound Measurements and Weights
The initial and final BW measurements of all bulls were measured on two consecutive days. Midway through the test, BW also was recorded during the ultrasound event. Ultrasound back fat thickness (UFT), longissimus muscle area (ULMA), and intramuscular fat % (IMF) were measured at midtest by an Ultrasound Guidelines Council field certified technician using an Aloka SSD 500V instrument (Aloka, Wallingford, CT).
Feed Intakes and Feeding Behaviors
Feed intakes were recorded with a GrowSafe 4000E feed intake system. GrowSafe data acquisition and analysis software were used to convert data into readable formats for subsequent analysis. For data integrity and quality control purposes, daily assigned feed disappearance (AFD) for each feeding unit was reconciled against the total daily feed delivered to each bunk versus the sum of the daily consumption for each bull. Data were considered valid for analysis for all days on which AFD and feed delivered values were >95% agreement. The percentage of valid days for studies conducted during 2009, 2010, and 2011 were 80, 82 , and 85%, respectfully. Data collected on any day for which this criterion was not met were excluded from all analyses.
The meal criterion used for this study has been defined as starting when the antenna detected the animal's EID and ending when the time between the last 2 readings was greater than 300 s (Basarab et al., 2003; Sowell et al., 1998; Schwartzkopf-Genswein et al., 1999) . The feeding behaviors that were collected were feeding frequency (FF; meals/d), head down duration (HDD; time spent with head below the antenna in trough/d), head down duration per meal (HDDM; HDD/FF), average meal size (AMS; average amount of DMI per meal event), and feeding rate (FR; g consumed/HDD).
Residual Feed Intake Computations and Statistical Analysis
Statistical analyses were conducted with the SAS system (v. 9.3, SAS Inst. Inc., Cary, NC). The ADG was calculated as the response of BW regressed on days on feed, using the REG procedure in SAS. The RFI value that was used to classify the bulls into 3 groups was calculated as the difference between actual and predicted feed intake by regressing DMI on midtest BW 0.75 and ADG (Koch et al., 1963; Archer et al., 1997) . Residual feed intake was determined within cohort (breed and year). There was no pen effect present in any of the years for calculations of RFI. The regression analysis used to determine RFI was conducted using the GLM procedure in SAS. After determination of RFI values, animals were classified into 3 groups: High RFI (>0.5 SD above the mean; n = 100), Average RFI (±0.5 SD from the mean; n = 140), and Low RFI (>0.5 SD below the mean; n = 95). The GLM procedure was used to determine the differences between the performance, behavioral, and carcass metrics of the RFI classes by breed, effects of pen, and year were controlled for when necessary. Means were calculated using the LS means statement in the GLM procedure. Effects of year and pen were controlled for when necessary. For each breed, the phenotypic observations made in this study were subjected to multivariate ANOVA. The analysis was designed to estimate the correlations of DMI with ADG, G:F, and the feeding behavior traits. The independent variable was year, and separate analyses were conducted for each breed. Finally, feeding behavior variables were added to a univariate model of DMI corresponding to the second model described above to determine if the variance of RFI was significantly reduced by accounting for differences in feeding behavior.
RESULTS AND DISCUSSION
Mean Comparisons of Breeds
Mean performance variables for the Angus and Hereford bulls are presented in Table 2 . The Angus bulls had a larger initial and final BW than the Hereford bulls. Their mean initial BW were 427.7 and 411.4 kg (P < 0.01), and mean final BW were 565.4 and 544.7 kg (P < 0.01), respectively. Angus bulls had greater ADG of 1.9 kg/d compared with Hereford bulls (1.8 kg/d; P < 0.05). The Angus bulls had greater DMI than the Hereford bulls (11.1 vs. 9.9 kg/d; P < 0.0001). The greater intake with relatively similar ADG resulted in improved G:F for the Hereford bulls of 0.18 kg/kg compared with the Angus bulls of 0.17 kg/kg (P < 0.0001). The mean feeding behavior variables for the Angus and Hereford bulls that were similar were: FF, 12.4 and 12.7 meals/d; HDD, 2479.2 and 2280.2 s/d; and FR, 5.0 and 5.1 g/s (all were not significantly different, NS). Feeding behavior variables that were different between Angus and Hereford bulls were: HDDM, 222.4 and 193.4 s/meal (P < 0.01); and AMS, 0.9 and 0.8 kg/meal (P < 0.0001). Thus, the Angus bulls spent more time eating each meal, and the mean meal size was larger than for the Hereford bulls. The respective mean values for ultrasound measurements for Angus and Hereford bulls were UFT, 0.56 and 0.75 cm (P < 0.0001); IMF, 3.66 and 2.66% (P < 0.0001); and ULMA, 74.0 and 72.3 cm 2 (NS), respectively.
Comparison of Residual Feed Intake Classifications within Breed
Differences between RFI groups are illustrated in Table 3 . The mean value for RFI for Angus bulls, Low RFI versus High RFI was -1.14 and 0.92 kg/d (P < 0.0001), and similarly in Hereford bulls, -0.71 versus 0.72 kg/d (P < 0.0001). These ranges are similar to the values reported by Lancaster et al. (2009b) in Brangus heifers, Baker et al. (2006) in Angus steers, and Lawrence et al. (2011) in pregnant Simmental and Simmental × Holstein-Friesian heifers. There were significant differences in DMI for Low versus High RFI groups for both breeds. In Angus bulls, DMI in the Low RFI group was 17% lower (P < 0.0001) than for the High RFI group. In the Hereford bulls, there was a 14% difference (P < 0.0001) in DMI between the Low and High RFI groups. These results are consistent but of a larger magnitude than those reported by Basarab et al. (2003) and Baker et al. (2006) . Both studies showed a 10% difference in DMI between Low and High RFI groups for beef cross and Angus steers. Data from Durunna et al. (2012) showed DMI of a Low RFI group was 14% lower during the growing phase and 10% lower during the finishing phase compared with a High RFI group for beef cross heifers. The results of the present study are more similar to the values reported by SchwartzkopfGenswein et al. (2011) , who showed over a 2 yr study DMI of Charolais sired steers in the Low RFI group was 17% lower in the first year and 15% lower in the second year of the study. In the present study, there were no significant differences between Low and High RFI groups for either breed in ADG (Angus, P = 0.98; Hereford, P = 0.81), initial BW (Angus, P = 0.36; Hereford, P = 0.36), or final BW (Angus, P = 0.39; Hereford, P = 0.25), because the model for calculating RFI was adjusted for these traits. These findings are consistent with previous studies that found RFI was positively correlated with DMI but independent of BW and growth (Bingham et al., 2009; Herd and Bishop, 2000; Arthur et al., 2001a Arthur et al., , 2001b Carstens et al., 2002) . There were improvements in G:F when comparing Low and High RFI groups of both breeds. The G:F of Angus bulls in the Low RFI group was 18.8% greater (P < 0.0001) than for the High RFI group. The G:F of Hereford bulls in the Low RFI group was 17.6% greater (P < 0.0001) when compared with the High RFI group. These values are consistent with previous studies. Basarab et al. (2003) showed a 9% difference in FCR and Nkrumah et al. (2006) reported an 18% difference in FCR between Low and High RFI groups of beef cross steers. There were no significant differences in FF between Low and High RFI groups in either breed. This is contrary to the findings of Nkrumah et al. (2007) , Lancaster et al. (2009a) , and Durunna et al. (2011) , who reported lower FF in Low versus High RFI groups: 13.5, 10.9, and 12.5%, respectively. Basarab et al. (2003) reported similar trends, but not of the same magnitude, at a 6.67% difference.
Bulls in the Low RFI groups spent significantly less time feeding than those in the High RFI groups. There was a 31% (P < 0.0001) difference in HDD in Angus bulls between Low versus High RFI groups, and similarly for Hereford bulls, a 32% (P < 0.0001) difference in HDD between groups was observed. These findings are similar, but of a larger magnitude than those reported by Nkrumah et al. (2007) . Lancaster et al. (2009a) , who showed differences in HDD between Low and High RFI groups of 24 and 13%. Durunna et al. (2011) reported differences of 12% in grower phase and 19% in finisher phase cattle. Bingham et al. (2009) reported that HDD was 23% greater in Low versus High RFI groups, which is contrary to the other studies, although the reasons for these differences are not readily apparent.
Head down duration per meal also was significantly lower in the Low RFI groups versus the High RFI groups. Angus bulls in the Low RFI group spent 33% less time per meal (P < 0.0001) and Hereford bulls in the Low RFI group spent 32% less time per meal (P < 0.0001) compared with the High RFI group. These results closely parallel HDD, which may be described by the mathematical relationship between these traits. The AMS of the Low RFI groups were also significantly smaller than that of the High RFI groups for both Angus and Hereford breeds. The AMS of Angus bulls in the Low RFI group was 19% smaller (P < 0.0001), and for Hereford bulls the AMS of the Low RFI group was 14% smaller (P < 0.0001) compared with the High RFI group. The Low RFI groups did have greater FR than the High RFI groups; 20% greater (P < 0.01) for Angus and 30% greater (P < 0.0001) for Hereford bulls. The differences in FR between the Low and High RFI groups determined in the present study are contradictory to the findings of Lancaster et al. (2009a) , Bingham et al. (2009), and Durunna et al. (2011) , who reported lower FR for Low RFI groups compared with High RFI groups on high roughage diets of 3, 39, and 4%, respectively. While Durunna et al. (2011) reported that in the finisher period FR was 1% higher in Low versus High RFI groups. In the literature there is little continuity in reported FR. It may be that this trait is more sensitive, for example, to ration composition, gender, and pen stocking density than the other traits that were reported.
Previous reports have mixed results regarding the relationship between RFI and ultrasound traits. For example, Baker et al. (2006) and Basarab et al. (2003) showed no difference in UFT, IMF, or ULMA between Low and High RFI Angus steers and crossbreed steers. In Brangus heifers, Lancaster et al. (2009b) reported no differences in the final composition of UFT, IMF, or ULMA between the RFI classes, although the High RFI group exhibited increased gain in UFT. Furthermore, Lancaster et al. (2009a) reported greater UFT in the final composition of the High RFI class, as well as greater gain in UFT and ULMA in growing purebred Angus bulls. In the present study, there were no significant differences in IMF (Angus, P = 0.50; Hereford, P = 0.14) and ULMA (Angus, P = 0.36; Hereford, P = 0.45) between RFI classifications for either breed. There was no difference in UFT between RFI classifications for the Angus bulls (P = 0.45), although the High and Average RFI groups had greater UFT than the Low group (P < 0.05) in the Hereford bulls.
Phenotypic Correlations among Performance and Carcass Traits
Previous reports have shown moderately positive phenotypic correlations between RFI and DMI. Herd and Bishop (2000) , Herd et al. (2003) , Baker et al. (2006) , and Arthur et al. (2001a Arthur et al. ( , 2001b all showed moderate phenotypic correlations between RFI and DMI in Hereford, Angus, and Charolais cattle. Both breeds in the present study exhibited large correlations between RFI and DMI, (r = 0.83; P < 0.0001) in Angus and (r = 0.77; P < 0.0001) in Hereford bulls. Phenotypic correlations between performance and carcass traits associated with their respective P-values are found in Table 4 .
There were no correlations between RFI and ADG for either breed. This was expected because the use of linear regression to compute the expected DMI for RFI forces this trait to be phenotypically independent. Residual feed intake was highly correlated with G:F in Angus (r = -0.65; P < 0.0001) and Hereford bulls (r = -0.51; P < 0.0001). These findings are similar to those of Arthur et al. (2001a Arthur et al. ( , 2001b , Schenkel et al. (2004) , Nkrumah et al. (2004 Nkrumah et al. ( , 2007 , Hoque et al. (2006) , and Lancaster et al. (2009a and Lancaster et al. ( , 2009b , who reported positive phenotypic correlations between RFI and FCR in growing bulls, steers, and heifers. Residual feed intake has been shown to be a moderately heritable trait with reported genetic correlations ranging from r = 0.62 to 0.94, suggesting that selection for improved RFI will result in an improvement in gross feed efficiency (FCR; Lancaster et al., 2009b) .
The ADG was moderately correlated with DMI in Angus (r = 0.46; P < 0.0001) and Hereford bulls (r = 0.45; P < 0.0001), which is consistent with phenotypic correlations previously reported in growing steers (Carstens et al., 2002; Basarab et al., 2003; Nkrumah et al., 2004 ) and bulls (Arthur et al., 2001a (Arthur et al., , 2001b Schen-kel et al., 2004; Lancaster et al., 2009a) . In agreement with previous studies, ADG was highly correlated with G:F in Angus (r = 0.67; P < 0.0001) and Hereford (r = 0.80; P < 0.0001) bulls.
The feeding behavior traits were moderately correlated with RFI for both Angus and Hereford bulls. The phenotypic correlations between HDD and RFI were r = 0.41 (P < 0.0001) and r = 0.59 (P < 0.0001) for Angus and Hereford bulls, respectively. These results are similar to the findings of Nkrumah et al. (2007) , who showed a positive correlation, r = 0.33, between HDD and RFI. The HDDM was similarly correlated with RFI, which was to be expected because there were no material differences between the RFI groups in FF. There were moderate, negative correlations between FR and RFI, for Angus and Hereford bulls (r = -0.31; P < 0.0001 and r = -0.51; P < 0.0001, respectively). Robinson and Oddy (2004) reported a low positive correlation (r = 0.16) between FR and RFI and Bingham et al. (2009) reported a significant difference between Low and High RFI heifers. These findings are contradicted by Golden et al. (2008) , Lancaster et al. (2009a) , and Durunna et al. (2011) all reporting the relationship between RFI and FR to be not different from zero.
Similar to previous reports (Durunna et al., 2011; Lancaster et al., 2009a) a moderate relationship was found between HDD and DMI. The respective phenotypic correlations for Angus and Hereford bulls were r = 0.37 (P < 0.0001) and r = 0.52 (P < 0.0001). The correlations among DMI and HDDM were similar. There were no significant correlations between the feeding behavior traits and ADG except for AMS; the respective values for Angus and Hereford bulls were r = 0.16 (P < 0.05) and r = 0.17(P = 0.05). The FF was correlated with G:F in the Angus bulls (r = 0.19; P < 0.01) but not in the Hereford bulls. The remaining feeding behavior traits were moderately correlated with G:F in both breeds: HDD (Angus, r = -0.17, P < 0.05; Hereford, r = -0.18; P < 0.05), HDDM (Angus, r = -0.20, P < 0.01; Hereford, r = -0.23, P < 0.01), AMS (Angus, r = -0.32, P < 0.0001; Hereford, r = -0.17, P < 0.05) and FR (Angus, r = 0.15, P < 0.05; Hereford, r = 0.17, P < 0.05). These correlations are contradictory to the results of Lancaster et al. (2009a) and Durunna et al. (2011) , who reported no significant correlations between HDD and FCR. Durunna et al. (2011) did report a significant negative correlation between FF and FCR, for which the inverse is reported here for Angus bulls (noting that G:F is the mathematical inverse of FCR). RFI = residual feed intake; FF = feeding frequency; HDD = head down duration; HDDM = head down duration per meal; AMS = average meal size; FR = feeding rate; UFT = ultrasound fat thickness; IMF = intramuscular fat; ULMA = ultrasound LM area.
Variation in DMI Explained by Feeding Behaviors
The percent reduction in the mean squared error (MSE %) of the model predicting RFI due to the inclusion of feeding behavior traits by breed can be found in Table 5 . When FF was added to the model, there was no improvement in MSE for either breed. Nkrumah et al. (2007) and Durunna et al. (2011) both showed changes in FF from grower to finish rations. These findings suggest that FF can be affected by management and the environment in which the animals are tested. This may explain why the values in the present study are in disagreement with the results of Nkrumah et al. (2007) , Basarab et al. (2003) , and Durunna et al. (2011) who showed differences in FF between RFI classes. The HDD explained 18.08% of the variation in DMI in Angus (P < 0.0001) as well as 35.37% in Hereford (P < 0.0001) bulls beyond the base model. The HHDM explained 17.24% (P < 0.0001) and 25.95% (P < 0.0001) of the unexplained variation in DMI in Angus and Hereford bulls, respectively. Feeding rate explained 13.13% in Angus (P < 0.0001) and 23.80% (P < 0.0001) in the Hereford bulls. These results are similar to the findings of Lancaster et al. (2009a) , who included feeding behavior traits into a carcass-adjusted RFI model, and reported reductions of unexplained variation of the model when meal duration, HDD, and FF were added, but no improvements associated with the addition of FR. The signals between feeding behavior traits, performance, and residual feed intake are variable between studies. Further research is needed to understand the effects of ration, animal type, environment, and location on feeding behaviors.
Implications
Technology improvements have made it cost effective to measure feed intake and feeding behavior. Rising feed costs and diminishing cow herd numbers have placed increased value on seed stock selection. In the present study, animals in the Low RFI class had lower DMI and exhibited an improved G:F without compromising growth or ultrasound measures of performance. The addition of the feeding behavior traits, HDD, HDDM, and FR to the base model improved the prediction of feed intake of animals tested in both breeds, and inclusion of these measurements may provide improved tools toward genetic improvements in performance and efficiency. However, due to the variability of reported values across recent studies, we conclude that the use of feeding behavior traits in the RFI model needs further study. .0001 1 RFI = residual feed intake; FF = feeding frequency; HDD = head down duration; HDDM = head down duration per meal; AMS = average meal size; FR = feeding rate.
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